Measuring fruit morphology and color traits of vegetable and fruit crops in an objective and reproducible way is important for detailed phenotypic analyses of these traits. Tomato Analyzer (TA) is a software program that measures 37 attributes related to two-dimensional shape in a semi-automatic and reproducible manner 1,2 . Many of these attributes, such as angles at the distal and proximal ends of the fruit and areas of indentation, are difficult to quantify manually. The attributes are organized in ten categories within the software: Basic Measurement, Fruit Shape Index, Blockiness, Homogeneity, Proximal Fruit End Shape, Distal Fruit End Shape, Asymmetry, Internal Eccentricity, Latitudinal Section and Morphometrics. The last category requires neither prior knowledge nor predetermined notions of the shape attributes, so morphometric analysis offers an unbiased option that may be better adapted to high-throughput analyses than attribute analysis. TA also offers the Color Test application that was designed to collect color measurements from scanned images and allow scanning devices to be calibrated using color standards 3 .
Color checker and collecting L*, a*, b* values.
Open the scanned color checker image and analyze as described for fruit. Make sure TA recognizes each patch as an object to analyze (yellow boundary). If you are using a standard color checker, the software may not be able to recognize the darker swaths. These colors will not be included in the calibration. Under the Settings menu, select "Color Test". The dialog box will appear. Make sure the correction values are set to 1 for the slope (left boxes) and 0 for the y-intercept (right boxes). Minimum blue value should be set to 0, and parameters 1 and 2 can be ignored. Click on the Analyze button within the color test dialog box. A new window will appear to save the output as a "CSV" document which can be opened in EXCEL. Specify the name and the directory for the data file. The output data file will contain the RGB values; L*, a*, b* values; and calculations for hue and chroma for each color patch. 2. Determining correction values for calibration. Plot the L*, a*, b* values for each color patch against colorimeter values for L*, a*, and b* which are available from the manufacturer of the color checker or in Table 1 . Determine the regression equation and record the slope and y-intercept for each parameter. In the dialog box, enter the inverse of the slope and the reverse of the sign of the y-intercept value for L*, a*, and b*. These values are used as correction values for the "Color Test" settings.
8. Color test allows the user to define two parameters that report the proportion (%) of pixels that fall into specified ranges of hue values chosen. For analysis of tomato, for example, the lower and upper values for parameter 1 are 70 and 100 respectively, which correspond to undesirable yellow and green-yellow flesh color. The lower and upper values for parameter 2 are 0 and 50 and correspond to the desired red color. Save the settings for these values. These values will be applied to all images that are being analyzed until the program is closed. For scanned images, select the "Illuminant C 2°"option. The "Illuminant D65 10°" option is only applied for images acquired in natural light. 9. Results visualization (see Figure 3 ): Each row of data in the lower-right data window corresponds to a particular object in the image. The data is displayed in the same order as the objects in the image. The first row displays the values for the object in the upper left hand corner and the last data row displays the values for the object in the lower right corner of the image. Click on a row to display the corresponding fruit in the top window on the right. Alternatively, click on a fruit and the corresponding data row will be highlighted. By clicking on the attribute tab in the lower-right window it is possible to view how the attribute is being measured for each particular fruit. For example, by clicking on distal end angle, the angle measured by the software on the fruit in the left window will be shown. This feature is very useful when identifying objects that require manual adjustment for more accurate measurement. Figure 4 shows an image to analyze with Color test module. However, the results are not seen in the data window. Data can only be accessed in an Excel file after the analysis is saved.
Manual adjustment of attributes
Sometimes the boundary of the fruit and the proximal and distal ends are not found correctly by TA. Also, if fruit are placed at an angle on the scanner, the image must be adjusted to obtain correct measurements. These and other features can be corrected through manual adjustment of the images after initial analysis. The available adjustments appear under the "Revise" menu button and include: Rotate, Boundary, Proximal End, Distal End, Auto-rotate, Adjust Ellipse, Adjust Distal Protrusion, Adjust Pericarp Boundary, Default Pericarp Boundary.
Note:
If adjustments are to be made, first adjust the boundary, followed by the rotation. All other adjustments can be made in any order following these two adjustments. An adjustment selected under the Revise menu remains selected until a different adjustment is chosen. This allows the user to perform the same adjustment on a sequence of slices by clicking on the slice image and clicking the Revise button. Below, manual adjustments on different fruit attributes are detailed.
9. For the color analysis, when the boundary of the flesh is not at the edge of the fruit image (e.g., a transverse cut at the fruit shoulder, showing the skin of the fruit above the transverse cut as shown in Figure 4 ), the user needs to open the "Color Test" dialog box under the "Settings" menu. In this dialog box, the minimum blue value needs to be set to 30 and saved. If the fruits are < 3 cm, set the minimum blue value to 20. This value may need be further adjusted if TA has trouble finding the correct boundaries.
User-defined settings
For some attributes, the user needs to select the settings at which the measurement should be taken. This can be done before or after the analysis and will depend whether an experiment is to be repeated at the same settings as were used previously or whether the user wants to do exploratory analyses in order to define the appropriate setting for the new analysis.
Setting of distal and proximal end blockiness.
Blockiness is calculated as the ratio of the width at a user-selected proportion of the height closest to the distal/proximal end of the fruit to the mid-width ( Figure 5A ). This allows the user to select or alter the location on the object where the measurement is taken. The upper and lower blockiness positions can be changed by entering a new value in the "Blockiness position" under the "Setting" button. 2. Setting of micro and macro angles. These settings are used for calculating angles at various positions from the ends of the fruit ( Figure  5B ). The macro setting is typically used for angles from 5 to 40% along the boundary and the micro setting is used for 2 to 10% along the boundary. 3. Number of morphometric points. This function finds points along the boundary of each object in the loaded image. The distal and proximal ends are used as landmark points for every object in the image. The number of points measured along the boundary can be selected by "# of morphometric points" under the "Settings" menu. Between 4 and 30 points can be selected. The software will automatically divide the number of points selected in half and evenly distribute them on each side of the fruit between the distal and proximal ends.
1. After manual adjustments of an image and image analysis by TA, click on the "Save Fruit" button. All current information, including manual adjustments and deselected objects, will be saved in a new file with the same name as of the original image and a tmt extension. Every time a file is selected, the saved tmt file with the same name will automatically be opened because it is linked to the original file. However, the tmt file should be stored in the same folder as the jpg image file (see section 4.1). If the software does not store the tmt and jpg files in the same folder, move the image folder to the C drive. 2. To revert to the original image file, without any of the adjustments, simply delete the associated tmt file. An alternative is to select "Analyze" and reanalyze the original image. However, be aware that any tmt with the same name as the image will still be associated with the image the next time that the file is opened unless, of course, adjustments are saved over the tmt file.
2. Export data 1. The user can export data for an individual image by selecting the button "Export". The data will be exported to an Excel file and display the attribute values for each fruit, the average and the standard deviation. 2. TA application can also export attribute values from two or more images ("Batch Analysis" function).
1. To start up the batch analysis, click on the "Open Image" button. 2. Select the image files to be batch analyzed. Multiple files are selected using the "Shift" or "Ctrl" key while selecting additional files. After the files are selected, click on the "Open" key. 3. The user will be asked to select the type of batch analysis output: "Average Only", "Average and Standard Deviation" or "Individual Measurements per image". An example of two modes of export is shown in Figure 6 . 4. Choose a name for the Excel file that will be created and click on the "Save" key. The software will automatically open the files and begin the batch analysis. If the image files have been previously analyzed and saved by TA, the saved .tmt files will be opened for the batch analysis. If the files have not been previously analyzed, the software will perform the analysis of images without manual adjustments and deselections. TA can perform a batch analysis of at least 100 images at 600 dpi. 
Examples of data analysis
The output generated by TA can be used for many applications. In genetic studies, the output is used to detect fruit shape QTL (Quantitative Trait Loci) in several segregating populations derived from crosses between different cultivated tomato varieties (S. lycopersicum) and the wild species S. pimpinellifolium accession LA1589 1, 4, 5 . TA can also be used to classify fruit in shape categories 6 and analyze tomato fruit color discoloration due to the physiological disorder "yellow shoulder"
3
. Moreover, the software has been used to analyze other plant organs such as leaves 7 and seeds 8, 9 .
Representative Results
The output of TA has been used for widely varied applications. In fruit shape QTL studies, fruit images (8 to 10 fruit per plant in one image) were collected from a total of 96 to 130 plants in each population. Subsequently, these images were analyzed by TA 4, 5 . To detect association between phenotypes and genotypes, QTL analyses were performed using composite interval mapping 10, 11 and by multitrait composite interval mapping for subsets of attributes in each population 12 . As a result, many regions of the tomato genome controlling fruit shape were identified. Some of these regions were present in several populations, whereas others were unique to one population. While some fruit shape QTLs (such as ovate, sun, and fs8.1) were known from previous mapping studies, several other loci were newly discovered. In total, 17 to 36 QTLs controlling fruit shape attributes were detected in three segregating populations 2, 4 . Data generated by TA has also been analyzed using Principal Components Analysis (PCA). In one study, fifteen shape attributes were subjected to PCA, and the first three principal components (PC) were subsequently mapped as traits. The data show that PC QTLs overlapped with attribute QTLs that were contributing to the component 4 . Segregating populations were also used to compare the QTL identified with morphometrics to the QTL identified with the shape attributes. Again, the morphometrics QTL were shown to coincide with QTL controlling fruit shape and size attributes in 93% of the cases 2 . These results clearly show the validity and reproducibility of data produced by TA in analyzing fruit morphology.
Another application of TA is the creation of a fruit shape classification system to identify tomato cultivars based on objective fruit shape measurements. A germplasm collection of ~350 tomato accessions of diverse origin and fruit morphology was evaluated. Approximately eight fruit from each plant were digitalized and analyzed with TA. Two existing classification systems, IPGRI 13 and UPOV
14
, were evaluated and compared using visual comparisons to fruit images in our collection. We modified the morphological classification of these two systems by combining several categories and by creating two new ones 6 . The proposed categories are flat, round, long, rectangular, obovoid, ellipsoid, heart, and oxheart. The eight new categories adapted from the IPGRI 13 and UPOV 14 systems are more visually distinguishable, and were tested using TA measurements. The TA output of 37 attributes from each accession was subjected to PCA and Linear Discriminant Analysis (LDA) to identify the measurements that best define each fruit shape category, and also to assess how accurately the discriminator attributes explain the visual classification of each accession. One possible application of this fruit shape classification system would be to use the output of TA to cluster accessions based on phenotypic data, and identify associations between different fruit shape categories.
The Color Test module in TA was compared to color measurements taken with a colorimeter (CR300) in an inbred backcross (IBC) population derived from crosses between S. lycopersicum processing cultivars Table 1 . L*, a*, b* values for each patch of the color checker (see Figure 1 ). The source of illuminant was D50 and the observer angle was 2°.
Discussion
High-throughput and accurate evaluation of plant organ morphology and color is difficult because of its quantitative nature and often subjective quantification. TA provides objective and accurate measurements of several fruit morphological and colorimetric traits in a high-throughput and semi-automatic manner. The usefulness of TA has been demonstrated in studies that led to the identification of tomato fruit shape QTL 2, 4, 5 . In addition, the classification of cultivars6 and the taxonomy of a group of species has been evaluated using the output of TA 15, 16 . High expression of the tomato fruit shape gene SUN results in elongated fruit 17 . Using TA, leaf and cotyledon shape was determined in lines expressing SUN to a high level 7 , demonstrating that the application can be used effectively to measure morphology of other plant organs as well. Moreover, TA has been critically important in identifying the genetic basis of seed size in tomato and sunflower 8, 9 . Lastly, the Color Test module implemented in TA is more precise and accurate, and less expensive than other methods to analyze fruit color in tomato. In summary, TA has become a key tool for the objective and reliable evaluation of morphology and color variation of plant organs.
